ABSTRACT The detailed study of a battery plate maker, who had worked with cadmium for 36 years, showed that proteinuria, typical of renal tubular dysfunction, had been observed for 25 years and during the last 12 years of his life the patient had suffered increasing disability from gross bone disease. Several bone biopsies and detailed metabolic studies showed typical severe osteomalacia, which responded well initially to calcium and vitamin D treatment. Examination of the liver both in life and after death showed a gross excess of cadmium. This was also found in the kidneys after death. Previously unreported changes were present in the bones, especially the lumbar vertebrae which were probably more the result of gross bone deformity than cadmium deposition. The mechanism of development of the severe acquired Fanconi syndrome was thought to be a combination of dietary calcium and vitamin D deficiency and impaired calcium absorption from abnormal vitamin D synthesis, related to the cadmium deposition in the renal tubules, which also caused the defect in renal tubular reabsorption.
Persistent proteinuria in workers exposed to cadmium dust was first described by Friberg1 and later observed in those engaged in various industrial processes using cadmium.2-5 The urine protein is predominantly of low molecular weight characteristic of proximal renal tubular dysfunction.6 7 The major clinical effects of exposure to cadmium have usually been described as respiratory disturbances, and the proteinuria has been regarded as benign. Secondary effects of the nephropathy, such as renal calculi, have been reported.8 Adams et al5 described preliminary studies on a cadmium worker with severe osteomalacia who had spent 30 years in the industry, and Kazantzis4 reported similar findings in a single worker. The extreme rarity of the condition as an industrial hazard and increasing interest in the possible association of cadmium intoxication and bone disease in Japan (itai-itai disease9) and elsewhere justified a fuller account of the patient previously reported by Adams et al.5
Case history
The man, born in 1905, started work as a battery plate maker in 1929 and worked continuously in the industry until his retirement in 1965, much of the Received 9 August 1979 Accepted 2 October 1979 time on night shift. His first complaint in 1963 was of continuous pain in the legs and hips of gradually increasing severity. In 1965 he suffered a spontaneous fracture of the femur after a minor fall. This was treated in hospital with pinning and traction, but healing was slow, and the pin was removed. He remained bed-ridden until August 1967 when further fractures occurred, and he was admitted to this hospital.
He was then completely disabled, with gross flexion deformities of both hips and severe wasting of the quadriceps. He was obese, with a blood pressure of 130/85 mm but with no other physical abnormalities. The proteinuria was less than 1-0 g/ 24 h, with a typical renal tubular pattern of small molecular weight protein. There was slight impairment of renal function with a raised alkaline phosphatase (table 1) (fig 3) . The significance of these most unusual areas is uncertain. They were distributed towards the upper and lower surfaces of the vertebral bodies and thus resembled the microfractures described by Vernon-Roberts and Pirie,10 but unlike these lesions there was no evidence of healing. days. These results all indicated severe impairment of calcium absorption rather than excessive urinary loss. The calcium uptake measurement was not repeated after vitamin D treatment as the positive calcium balances suggested adequate absorption on an increased calcium and vitamin D intake. The observed improvement in bone density on x-ray and the diminution in the width of the osteoid seams on the bone sections, also indicated satisfactory absorption and repair of the bone structure.
Renal function tests
The serum creatinine and urea concentrations remained slightly raised, and the creatinine clearance lowered to a mean of 30 ml/min throughout the nine years of observation. There was a small protein loss in the urine, never exceeding 1-5 g/day, which had been present at least from 1952, when regular tests were started by the factory medical officer. The urine protein, at least from 1955, showed the characteristic pattern of small molecular weight protein loss associated with proximal tubular abnormality. The clearances of lysozyme, ribonuclease, and two other small molecular weight proteins were always grossly raised to levels seen only in renal tubular abnormalities.5 7 The predominance of small molecular weight proteinuria was confirmed by G200 Sephadex gel filtration on several occasions. Excess aminoaciduria was shown by two-dimensional paper chromatography, and glucose was intermittently present in the urine. These findings are characteristic of the adult Fanconi syndrome and were present unchanged from 1956 until the patient's death in 1976, without any significant deterioration of renal function.
Cadmium studies
Exposure to cadmium had been prolonged and exceptionally heavy in this patient because of his many years' employment in the factory, particularly during the years 1939-45 and on subsequent permanent night shift. Liver cadmium concentration was measured in life in June 1974 by the non-invasive technique of neutron activation analysis." This "activates" the "3Cd isotope present in the liver to produce a "prompt" energy-specific gamma quantum, which may be identified and measured.'2 The patient was unable to lie on the measuring couch in the optimum position for accurate measurement because of his considerable physical disabilities, but a very prominent cadmium peak was recognised over the liver and estimated to be at least 100 parts per million, the normal limit being under 5 ppm.
Urinary excretion of cadmium was measured in 1972 and 1975 and was only 36 ,ug/l and 21 ,ug/l respectively. These relatively low values were obtained some years after exposure to cadmium had ceased and are probably not of great significance.
Tissue cadmium studies were also performed in 1976 on tissue examined at necropsy. The same technique of neutron activation analysis was used with idealised geometry. Chemical analysis of cadmium was carried out on the same samples (King 1976, personal communication) and are compared in table 3 .
The ratio of kidney cadmium: liver cadmium is usually 10:1.13 The results show a reversal of this ratio to 1:2-5, a finding that has been noted in Japanese studies.'4 Liver cadmium concentrations were extremely high at 200 ppm, although renal cadmium content was much lower, and the total kidney cadmium of 10-8 mg is within the range for "normal" non-industrially exposed men.15
Discussion
Renal tubular dysfunction of the type shown by this patient is a well-recognised result ofchronic cadmium exposure in man and animals. The continuous loss in the urine of small quantities of protein having the characteristic pattern of small molecular weight components (tubular proteinuria) may persist in cadmium workers for many years after exposure has ceased, and has usually been regarded as a relatively benign abnormality. Detailed studies of renal tubular function have shown increased loss of phosphate, glucose, and amino-acidS45 characteristic of proximal convoluted tubular dysfunction.
The fully developed adult Fanconi syndrome with osteomalacia in addition to the urinary abnormality appears to be extremely rare in industrial cadmium workers. Six patients with varying severity of bone disease including Looser's zones and osteoid seams were described in France by Nicaud et al, 16 The precise relation of the presence of cadmium in the renal cortex and renal tubular defects of reabsorption remain unexplained. Proximal tubular reabsorption of glucose, amino-acids, phosphate, and small protein molecules appears to be an active process mediated by intracellular enzyme transport specific to certain chemical groupings. Many conditions causing damage to proximal tubular cells have been shown to interfere with this process of reabsorption-for instance, acute tubular necrosis, paraproteinaemia, degraded tetracycline, and heavy metal poisoning, especially with bismuth, copper, and lead. In most of these conditions, however, the tubular defect appears to be reversible when the underlying cause is removed. The remarkable duration of the effect of cadmium on tubular reabsorption without demonstrable damage to glomerular function or the development of progressive interstitial fibrosis produced by other toxic substances, such as analgesic drugs, remains completely unexplained.
The demonstration of the synthesis of active 1: 25 dihydrocholecalciferol by the renal tubules22 and the possible inhibition of this process in renal tubular defects23 raises the possibility that cadmium may also act as a cellular enzyme inhibitor as well as its proved effect on tubular reabsorption of small molecular weight proteins, amino-acids, glucose, etc. The problem of the extreme rarity of the bone abnormalities in industrial exposure, where tubular abnormalities are relatively common, still remains unexplained. A combination of prolonged loss of phosphate from tubular dysfunction, reduced active vitamin D synthesis in the renal tubules, and dietary factors seems the most likely, if somewhat unsatisfactory explanation of the severe and totally disabling disability resulting from prolonged cadmium exposure in the occasional patient.
